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rroduction of itydrogen 


inaéroduction 


iiydrogen is used in the hydrogenation of coal and of 
animal, vegetable and aineral oils; in the syntheses of 
gemonia, alcohol, amd other organic chemicals; in the reduc- 
tion of pure metals [rom ores; and in other commercial 
processes. 

The process in which the hydrogen is to be used detor= 
vanes the purity of the hydrogen required. In operations ine 
volving catalysed reactions, which side most o, the hydro= 
genation reactions and syntheses, the hycroge: anst we free 
of sulfur compounds because sulfur compcunde act pe catalyst 
poisons. in hycrogenation reactions invelviny the reduction 
of carbunyl and carbexyl groups, the presence of carbon mone 
@xide and carbon dioxide in the hydrogen is relatively une 
important, out in the reduction of ethylenic jinkeawee oa 
in the synthesis of eemonia the hydropen must be free of 
cervon oxides. Thw presence of hydrocerbur Gseeé, Guch es 
metiarne, is mol objéectiomible in aost chavo oul reflects an 


ome ‘Le Gober’ 


ee! ee 


ee a 
We owkecyh ait ad pelo Corrente Wu simarnye _ ae 
dat ats AL YOR Ae) alin cate Gee -i cole ynhoneme 
Aatoyeusns waite ok Une fee cuRd Blawes cue oo wale 
7 | (re 
16RD See me od 4k onpeye ead dou al meee 
<ah eucbisee Ll Aire ae ef be elite Oi serue 
ayitgge aig "te eum ebatead dsthée men dde ey Bie lie OUT 
ce wt dee ey ad eel Ge teu) ey 
JeUesae 00 ane alee Wire eee Sheu Sa 
cosines ald ertyiornd emitinees sete!) 6 POOR 
we utes to eee o6d pemet, (ee oe emer Te 
<e tLeridoley wh ewuring) oO Os Mate) Le ee 
hue eoqecmul! wimeiyity le <léauuie aL at) Bet, remy 
Yr perl od dns erie wif AlLo~ats Te ademas ow ol 
= Oe oe ewig! lo tore eT ee te 
oe ofeeTiey 40) tds Dobe Lk Cicer le os OL re 





A» 


inefficiency of hydrocarbon conversion in st 





processes for the manufacture of hydrogen. ‘ihe premence of 
oxyeer in more then a fraction of one per cent is very 
Gbjectionable because of the explosive hezard of iydrojen= 
oxygen mixtures. 

The need for hydroren in quantity and of various digrees 
of purity has resulted in the development ef sewwre. processes 
ef producing, hydroren. 

ibout twenty methods fer quantity production of hydrogen 
have been proposed. Of these methods, only a few ere eco» 
noméi.cal enough for industrial use. The principal metiods are: 

(1) The electrolysis of water 

(2) Liquefaction of coke-oven gas 

(3) Complete gasification of solid carbonaceous 

materials, such as coal or coke, producing 
caroon monoxiae and hydroren, with #« sub=- 
paqnent reaction of the carbon monoxide with 
steam to groduce eurpon dioxide am sddition= 
al hydrogen 

(4) Weaction of seturated hydrocarbon gases eith 

steam to form kydrocen and curbon ioxice 

(5) «lternate oxidwtion ead reduction of irom 

with @teue and @ reduciny oS, BUC). af 
waiter gas, to produce hydrogwn from the etaan. 
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The electrolysis of water is carried out by the pessage 
of an electric current throuch weter containing either an 
alkali or an acid, with the liberation of hydrogen fas at the 
eutiiode and oxygen at the anode. This process 1a econcmical 
only where water power is Cheap. 

in the coking of coals, for each ton of coal coked abeut 


12,000 eubic feet of cus of the foilowlny &vernpe campusition 


are produced: 

Component Per Cent by Volune 
Uydroren 590 

ethane 32 

Carbon Monoxide 635 

Carbon Dioxide <0 
Nitrogen 549 
Tllustinants 4,0 
Oxygen 05 


The coke=oven cas is subjected to purificsetion proceswee 
te reawve impurities, such as CO2, Hp, HON, Mls ami Light oils, 
am then is fractionally liquefied to obtain hywrowen and frac« 
tions of carbon memoxide and hydrocarbons, The curvon won— 
oxide and hydrocurvens ere subjected to meactina eit! steam 
to produce addition=) hytropam, Mydrogen is oltedned in 
thie menwer a6 & by=produet. 

The ctearLron process of prwiucing lodroyen is carried 
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out in two stages. team is passed over iron at temperatures 
above 1200° #., oxidizing the iron to an iron oxide ami liber- 
Sting hydrogen, The irom oxide is reduced to iron by water 
gas, ard is then steemed again, “This is one ot the earliest 
methods of producing hydrogen and is still in use fer mating 
emall] quantities of hydrogen (less than 1000 cubic feet per 
hour) 

It is estimated that the quantity of hydrogen manufac- 
tured per month in the United States is six billion and feur 
billion cubic feat by the water-gas and hydrocarbon<steam 
process@8, respectively.” 

The production of hydregen from water res and from 


sétureted hydrocarbon gases will be discusse,) in this thesi«, 
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-ater-Oas Vanufecture for Fydrogen Production 


Carvon may react with steam according to thw follow 
ins eyuetions: 

(1) ¢ He = co Ro 

\<e) CGC 2890 = COD aie 
The reactions are endothermic amd prvceed oniy at elevated 
vemperatures. The equilibriums of the two reactiom «ere euch 
that at temperutures above about 1500° PF. the formtion of 
carbon monoxide is favored, while the formation of carbon 
dioxide is favored by temperatures below 1500° ?, This is 
apparent from tre equilibrium for the reaction: 

(3) CO TO ®CGp Hos 


The equilibrium constant for this reaction is defined as: 


60) (Hp) 
st 1500° F., Ky is 0.979; at 200° F., K, has a value of 11.9. 
The velocity of Yeaction (2) is so low at temuaretures Lavore 
ing the formation of carbon dioxide that it le wt practicable, 
ond Wesstion (1) must be used, 

The generator for making water aas cornmieva of a steel 
ghell, lined wits firmbrickh, with pea outlet and stems inlet 
connections #t top Om) vottom, Oni ay @ir iniet ot Ue bOLeom, 
Coke ie fed autemmtically to smdintein « faul bed of the de 
sired depths aali ie meeeved eutomiiceli,. The coxe isa 
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icnited and air is blow through the generator witil the coke 
is at o temperature of ubovt 1800 ~ 20009 F, The pases from 
this coperetion ere led off as waste ras. ‘ifter this teaperature 
is reached, the air suppiy is cut off and steas is introduced 
into the cenerator at such a rate that the steax is nearly 
all devumpooed in reacting with the coke to form water cas, 
whieh is collected by suitable means. This encothernic reaction 
reduces the temperature of the fuel bed in about five or six 
minutes, “hen the temperature has dropped to abowt 17509 F., 
steamsing is stopped and air is blow through fer about two 
minutes to raise the temperature to 1800 = 2000° PF. apain by 
combustion of sore of the coke, Temperetures above 2000° F, 
result in excessive losses in carbon monoxide, while temper 
atures below 1750° F. result in excess carbon dioxide in the 
water fas. 

Gne ton of coke produces about 60,000 cubic feet of 
water ces of about the following composition: 


Component rer Cent oy Volum 
lydrogen 50 = 53 
Caroon monoxide 39 - 43 
Carbon dicxide 3-6 
litrogen 0.5 = 406 
sethane 0.2 = 043 
Uxynen Ood = Oe2 


Sulfur cosmounds Traces. 
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liydyogen from the Vater Cas ~ Steam lleaction 


Carbon monoxide and steam react under suitable conditions 
of temperature and concentration as follows: 
(3) CO HO =CO2 Ho. 
The reaction is endothermic at 68° 7., requiring 5630 U.teu. 
per poumd mol, so that it must be carried out at clevated 
temperatures, it 700° F. the reaction is exothermic, liber- 
ating 16,500 B.t.u. per pound mol, Figure 1 shows the effect 
of temperature on the equilibrium constant 
Kp = (COz) (Hp). 
(CO) (H20) 


Table I shows the effect of temperature and initial con» 





centration of steam to carbon monoxide on the amount of car= 
bon monoxide reacted at equilibrium as calculated from values 


of the equilibrium constant, 
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Table J 


‘Temperature Percentage of Uarbon Wonoxide Reacted with 
OF, Starting Molar Ratios of Jteam to Oerbon 
Monoxide of: 

l:l Aid. 521. 521 9:1 
932 69.1 87.3 91.7 95 oh, 9766 
BL2 73 03 9040 Ar oly 77 FE oly 
800 750 91.5 9502 97-5 9807 
752 7795 9320 96 als 98 20 9920 
662 G200 9507 97 69 99 er 99.9 
620 Bly oO 9667 9S oe 
41,0 91.8 Wer 996 
260 975 9929 99.096 


lt can be geen that low temperatures (below 260° ,) favor 
the maxiaein cosversion of cerbon msonexide with the leest swount 
of steim. <t low temperatures, honevor, the rate of rwaction 
af carbon anocide with steam is so lon as to be imprecticeble, 
At temperatures alown 750° 7. the reaction can be catalyzed 
to a practicablw rate, Wat the conversion is less complete. 

Variow cetalyets have been proposed ‘for awe in carry 
ngeroken, ‘uotiny 
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"Harnesium oxide is a catalyst for the carbon monoxide- 
steam conversion and that in this as well as other reactions 
involving carbon monoxide er hydrogen in which it functions 
eatalytically, it is insensitive to the poisoning influence 
of sulfur. 

The wse of magnesium oxide as a catelyst in reactions 
involving cérbon monoxide is especially advantaseous in view 
of the fact that it causes littie or no deposition of carbon 
under conditions where catalysts such 4s iron, niekel and 
cobalt become rapidly coated with carbon preduced by decampce 
sition ef carbon monacide."? 

"The eetivity of an iron croup metal oxide as a catalyst 
for the production of hydrogen from carbon monoxide and steam 
may be sreatly improved by incorporating with an iron group 
metal oxide « metallic oxide, for exemple cepoer oxide cr 
antimeny oxide, reducible to the metal unmier the condition» 


of the hydrogen=—aa operation, and fusing the sdxture, 





The @aterial thus prepared, after suitable reduetion treat- 
gent, shows an lumproved activity as a catalyst for the con- 
version of carbon senoxide and steam and under norte] con- 
ditions remains ective for a lone time. Its behavior as « 
eetalyet is superior not only to that of fused iron prow 
ewtel oxide alone but also to that of « mixture of irom ereup 
fetal awl coppwr or artimony oxide prepared without fusion,"° 
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“A mixture of charceal (or sustances containing carben) 
and sugpesium caroconate, which is mintained at a tenperature 
above the decomposition temperature of magnesium carbonate, 
but not substantially exceeding 500° c,"/ 

"ror the cetalytical cunversion of carbon mm@naxide with 
steam there have been proposed catalysts consisting of a mix= 
ture of magnesium aide, carbon, and alkali carbonate, pre- 
ferably potassium carbonate, «ith the aid of these very 
active catalysts the conversion of the carbon monexids 
proceeds even at temperatures below 500° C. with useful 
velocities up to the point ai. which, practically speaxing, 
complete establishment of the equilibrium is attained, This 
results in the advantage that. in large scale working a low 
residual carbon monoxice content, accordine to the temperature, 
Gan be obtained without uneconosically viigh steam consumption. 
When working with these catalysts it is further elso possiole 
te effect the conversion, without the disadvasiwe of unte= 
airable secondary reactions such we in particular seposition 
of earbon and formation of methane, uniter inereased pressure, 
at the temperature post fevoreble for the conversion of carver 
monoxide to carbon diexide and hydrosen, and thus to el fect 
@ saving in reaction #pmce and steam consumtion, «hen other 
catalyute, und aorw particularly the known activated dros 
oxide cetelysts, am used these secomlary rections set i: 





elomely below 500° C, and rapidly reach an intolereble scale 
és tre tesperature falls,'® 
"It has been found that the efficacy at the favorable 


working temperature below 500° ¢. of the known thr 





catalysts magnesium odde-alkali carbonate-carbon is enhanced 
to a — surprising extent by the accesaary effect of iron 
oxide in the original state of native iron ores, that is to 
say without Leing breucht into the state of Mnely divided 
ertificial iron oxide, and that the ebovementioned native 
iron orus are capable of producing this effect when used in 
Such smali amounts that no deposition of carbon or Methans 
formation occurs sven. when working under excess pressure and 
at the lowest applicable temperatures, Joreover, these four= 
component catalysts also retain undiminished the poison=resist- 
ing properties of the known three-component catalysts, more 
particularly in respect of the commonest catalyst poison, 
nemeiy sulphur, in inorganic or organic combination. 


The catalyst tmmy for example have the following cempo- 


6ition: 
rer Vent 
Myo (in the form of calcined or 1365 
ceustic twrred mwarnssia) 
Tept, (in the fore of irom ore) 1:5 
Cotassiie carunnele Ld. 


arbon 10 40.7 
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ot the temperstures required for suitable catalyzed 
reaction velocities the carbon monoxide is incompletely con-= 


verted at the equilibriws camposition when « Otoichiometric 





amount of steem is used, To obtain 4 higher conversion of 
carbon monoxide and # purer hydrogen one or sere of the follow- 
ing sathods may be used: 
(1) Using: steam in excess of the stoichiometric amount? 
(2) Removing carbon dioxide as repidly as it is formed 10,11 
(3) Reacting in steps with carbon dioxide removal. at the 
end of each step.“ 
Tre effect of using excess steam is shown ir, Table Ij, 
if hydregen of kigh ourity is desired this process is net 


esuse of the very large quantities cf steam 





The carbon monoxide ean be completely converted by re- 
@oving cerbon Uloxide as the reaction preceads, “sicium 
oxide is generaliy used for removing the cerbon Gioside. 
"teaag and carbcn Bonoxide ere passed over Line nonkeLsiny 
® cataiyst of the type described above at « \emperture below 
the dissocietion tamerature (1517° Ff.) of celclus Garvonmite, 
Tw® carvon dioxide formed by the ceroun aumeacide conversion 
reacts wit) the lise to form culcius carvotule u» follow: 

(4) Cae GQp = 62605. 

yor complete conversion, all of the carbon dioxide 
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formad must be reacted with an ecuivalent nolar quantity of 
lime, @co that in the conversion process there east be save 
means of bringing unreacted lime in contact pith the eater 
pes and of discharging the calcium carbom.te, which is »eated 
to form calcium oxite again. 

The effect of carrying out the conversion in stages with 
removal of carbon dioxide at the end of eacl. stage is shown 
by the calculated values below, using one mol of steam in 
each stage and starting with one mol of carvon monoxide in 


the first stage ® 


Stage Temperature bol Carbon bonaxide 
°7,, Converted 
1. 800 ofD 
Le BuO axed, 
30 &00 2026 


It if ewer that the steam consumptien for a sivea degree of 
cemversion of caroon sconoxias ic @ucn loss in « mulii-stare 


procees tien ine Simmie stuge process, 
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on of Hydrogen from Hydrocarbons and Stean 


The reactions between saturated hydrocarbon gases, such 
es methane, ethane, or propane, and steam have been found an 
economical and convenient means of producing hydroren, The 
saturated hydrocarbons are the principal constituents of 
netural gas, coxe-~cven fas and waste gas from netrolewn 
cracking processes, “here cheap natural sas is available, 
processes utilizing the steam=hydrocarbon reactions are the 
most economical methods of producing pure hydrogen in large 
quantities .1 

The reactions which occur are: 

(5) C Hon 2 NH,O * nC0 (2n 1)ii5 

(6) Cyto, 2 2nlipO @ nCOp (3n 1)lo. 

Reaction (6) may be considered as Reaction (5) followed 
by the water-cas reaction 

CO Ho0 = COD Ho» 

These reactions are endothermc and must be cerried out 
at elevated temperatures. iIn Figure i, it cam ve sven thet at 
temperatures above 1500° F. the ecuilibrium constant 

K ® (C0)(Fig)? 

(Cty, ) (H0) 
is large, so that at @juilibrium the methene must be nearly 
comletely converted, 
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Catalysts mist be used to sive < practicable rate of 
reaction, German Patent Yo. 295,866 of 1912 aypwewd o cutalyst 
ef nickel or nickel oxide on a refractory support. The follee- 
ing material on catalysts for the hycrocarbormsteam reactions 
is quoted from the patent literature; 

"Nickel alone even with the exclusion of chlorine aad 
other catalyst peisons is not very active for the production 
of hydroger: by a reaction between steam and hydroearbens at 
temperatures below 700° Ceeee by the addition of ... promoters 
( see C@xrium oxide, ... Chromium oxide, .». aluminuz oxide ...) 
the catalytic behavior of nidiiee? in this reaction can be ire 


proved to the extent that the conversion of hydrocarbons into 





, cen becomes practicable at temperatures materially below 
700° C.see The operation carn be conducted oe. &t higher temp- 
erutures. .o2- ‘ertain substances preatiy decrease or ewe Can 
Dletely inhibit the activity of nickel ceteliyste for thie 
Purpose, mon: such) substances are the LAlo-ens, guch as 
chicrine, and compounds of sulfur, *} 

Wo ees & Compound of nickel and chromium oociie suc, se 
niekel chronmi@ 18 4 more Activ® catalyst thay « cixture of 
nickel and chromiue oxide.’ 

"The cetalyst used ie ordinarily a mixture of nickei or 
cobalt oxides with aluetnw or thoria .,. "1 

"Suitable estalysts for tim production of hydrogen sheuld 
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16 ) 


possess hig); activity and great ohysical streneth, and should 
shrink very little «t the operating temperature ueed. Gxides 
or metela of ti iron group, admixed mith) elunirum exide, form 
desirable catelyst. Caleium and mpnesium oxides am silies 
may be added to secure catelyets ol greater strength at high 
—en Phosphoric acid with alumings and nickel oxide 
produces a very active catalyst which shrinks vwery little at. 
high temperatures, 4 specially suitable catalyst is prepared 
from nickel oxides, magnesia and kaolin, 

Tre equilibrium compositions in the methane-steam reection, 
starting with one mel cf methane and two mols of steam, haw 
been cticulated for various temperatures and are siven in 


Table II’ on a dry basis. 


Table il 
Rquilibrius Compositions in The Methame-"teas, ‘jeecton 
Component Percentage C 
980° FP. 13h0° F. 15009 FP, 16009 P. 17 Ff. LAO FP. 
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HK, 1 1536 Pel V6.1 Toed 1909 
oH, 23 1.0 Jel 0.04, 2.01 0.02 
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17. 


From a study of equilibrium data for the hydrocarbon= 


steas reactions, it can be seen that the maximam yield of 


hydroges can be ovtained by one or more of the following 


methods: 
(2) 


(2) 


(3) 


Reacting at temoeratures favoring the 


formation of carbon dioxide and using 
steaz in excess of the stoichiometric 
amount 

Reacting at temperatures favoring the 
formation of carbon dioxide and remov- 
ing the carbon dioxide as rapidly as it 
is formed 

Reacting at temperatures favoring the 
formation of carbon monoxide and then 
converting the carbon monoxide as 


previously described. 


The processes using excess steam are not as economical 


and do »ot give as high conversion of hydrocarbons as other 


proeess#es. Tne reaction is generally carried out using a4 


10 to 1 to 15 to 1 volume ratio ef steam to hydrocarbon, 


temperatures below ebout 1300° F, and pressures of from 1 to 


50 atmospheres, Althouwg? low pressures favor the conversion 


of hydrocarbons, high pressures may be used to reduce heat 
Losses ,/244s19,20 
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Yrocesses based on the removal of carson dicoxid® as rap- 
idly as formed are described in the patent Literature, The 
proguct from these processes contains at least tem per cert 
methane tt 
techies! litereture on the commercial application of these 


The author nas found no referenees im tive 


The processes involving the reaction of hydrotarpons vith 
steam «t temperatures above 1500° fr. to form carbon monoxide, 
witn the subsequent conversinn of the carbon monoxide at temp= 
eratures below 900° F., are capable of produsing hydroyen 
of high purity more econe 
conversion processes, / plant with a capacity of 15,000,000 





wleally than can other hydrocarbon 


Cubic feet per day has been described, ““?* 

A mixture of equal parte, by volum, of gas end stews, 
at atmospheric pressure, passes dowmard through vertical 
alloyssteel tubes packed with e catelyst of the nickwl type. 
The tuves, about 25 fwet long and 6 inches in diameter, are 
placed in im rows in « refractory-lined furmece am! are 
supported at tmeir tops. The furnece is heabed ty jas burne 
ing at the top ef the furnace end between the rowe of tubes,” 
The natural gaé mid Steam, flowing dowrwerd throwh the tulws 
at Space velocities uw to 300 volimis of hylrocerbon gas per 
howr per volume of catalyst, react nearly completely um 
leave the bothow of the tubes at sbowt 175U° F. with about tbe 
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19. 





Component “er Cent 
(Ory 2asis) 
hydrogen 73 
Carbon monoxide 15+ 
Carbon dicexide Os 
Vethane 1, 
Nitrogen Ls 


After this reaction, more steam is acwded and the carbon mon= 
oxide is converte) to carbon dioxide et about 850° FP. by a 
Catalytic Waler-cas reaction. The we oulsiune gae mixture, con 
taining about 7&8 per cent hydrogen, 20 per cent carbon dioxide, 
and 2 per cent unconverted methane and carbon moncaide, is then 
Goolec witli, water in coke-pucked towers, compressed to 250 
pounds per o&uere inch end #eruybed in « belle taser wit) a 
moneethanclemime solution to réneve Carbon Giceiue. The 
preduct hes about the followisy cumpouition: 


Toca rt “er Cent 
Uyaroyen = 97 

Cervo eewoud.ie iu5 + 2.0 
vethare d= lsd 
trogen O = Ls5 
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of cerbor monoxide, has been developed.” ‘This process ums 
eommercial propene as process material and as fuel. 

Propane vapors, heated to about 700° F., are passed over 
over bauxite or metallic oxide catalysts for the conversion 
of organic sulphur compounds to hydrogen sulphide. The vapor 
is then cooled and seruobed with a caustic solution to resove 





the hydrogen sulphide. 

The sulfur-free propane is mixed with steam and passed 
dowmerd over the catalyst in the tubes of a Shapleich 
furmace. This furnace consists of catalyst-filled nickel- 
@hromiumiron alloy tubes pleced vertically and sugported 
at their tops in « refractory-lined shell. Cas burners are 
placed in the furnace tanpentielly to the walle so that the 
Ctm@buation pases are siven @ epirelling upward motiow erownrl 
Sie tubes and alomw the furnace mils, ith this furnace, 
Spece velocitige of about 600 volmammes of hydrocerben per four 
per voluwe of colelyst ere atteined wit) tengersetaeu ssove 
about 1600° 7, in the reaction saees, 

These reactia sees, covled to about 700° 7. wit! eleem, 
are paoded over & aulelywh, st space velocities of 100 of am 
volimes of carbon nonaxcide cad tylrogen per four per yolum 
of ostalyst, for qorwersion af tie curbos @oacide tO Gatun 
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diaxide, ‘fer thir reaetion the azcese steen in cormlensed 
amt the games are ccoled to about 100° 7. aml pesewd through 
@ sersber to mecws carbon dioside, 

Tw carbon diexide is absorbed by serubiuin “bh © sulu- 
tion of 15 to 20 per cemt of monosthanclamine in wien, <fber 
Scrubbing, the ges cormtains about one per cetrt cl eefbor) sone 


oxide, witich is remived in two more stapes of carbon senoxide 





Carbon dioxide 
(arten anpnmoxide 
hLtrogee 
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Conclusions 


The hydrocarbon~steem process provides the most economical 
and ves means of producing hydrogen in the imited States. 
It has been developed to such an extent that it is used alsost 
exclusively in new installations. 

jmong the advartares of the process are: continuous and 
automatic operation. resulting in miniswa lebor costs; high 
purity of hydrogen obtainable; and simplicity of mechanical 


design. 
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